The fabXL genes encode enzymes that synthesize the very-long-chain fatty acida unique acyl modification located at the 2′ position of the lipid A of Gramnegative bacteria in the order Rhizobiales. Mutation of the fabXL genes causes sensitivity to outer membrane stressors and other envelope-related stresses; however, the underlying mechanisms for increased sensitivity are poorly understood. We found that expression of the outer membrane protein gene ropB is down-regulated in an acpXL mutant. Furthermore, constitutive expression of ropB in an acpXL or fabF2XL, fabF1XL mutant restores tolerance to detergents, hyperosmotic stress, and acidic pH. The fabF2XL, fabF1XL mutant also has a delayed nodulation phenotype, whereas a ropB mutant has no observable defects in nodulation, demonstrating that mutation of the fabXL genes results in pleiotropic phenotypes that can be classified as either ropB dependent or ropB independent. Ex-nodule isolates of the mutant strains display restored tolerance to detergents and hyperosmotic and acidic stress conditions; however, the rescued phenotypes are not owing to increased ropB expression. Finally, we found that the fabXL genes are induced by the sensor kinase ChvG in response to peptide-rich growth conditions, which is similar to the results reported for induction of ropB.
Introduction 27-hydroxyoctacosanoic acid-modified lipid A is a unique very-long-chain fatty acid (VLCFA) modification characteristic of the lipopolysaccharide (LPS) from members of the order Rhizobiales (Bhat et al., 1991 (Bhat et al., , 1994 Basu et al., 2002; Vedam et al., 2006) . Biosynthesis of the VLCFA requires six unique genes: acpXL (acyl carrier protein), fabZXL (dehydratase), fabF2XL (2-oxo-acyl, acyl carrier protein synthase), fabF1XL (2-oxo-acyl, acyl carrier protein synthase), adh2XL (dehydrogenase), and lpxXL (acyltransferase) (Basu et al., 2002) . Mutational analyses in Rhizobium leguminosarum and Sinorhizobium meliloti have confirmed that all genes within the acpXL-lpxXL gene cluster are required for the biosynthesis of the VLCFA in these bacteria (Vedam et al., 2003; Ferguson et al., 2005; Vanderlinde et al., 2009; Haag et al., 2011) .
Previous studies have demonstrated the importance of the VLCFA for outer membrane integrity in free-living rhizobial cells (Ferguson & Roop, 2002; Vedam et al., 2003 Vedam et al., , 2004 Haag et al., 2009 Haag et al., , 2011 Vanderlinde et al., 2009; Ardissone et al., 2011; Brown et al., 2011) . For instance, loss of the VLCFA in R. leguminosarum biovar (bv.) viciae, R. leguminosarum bv. phaseoli, Rhizobium sp. NGR234, and S. meliloti results in sensitivity to hyperand hypoosmotic stress, as well as detergent hypersensitivity (Vedam et al., 2003; Ferguson et al., 2005; Vanderlinde et al., 2009; Ardissone et al., 2011; Brown et al., 2011; Haag et al., 2011) . The importance of the VLCFA in cell survival is further reflected by increased desiccation sensitivity, defects in biofilm formation, and loss of motility observed in R. leguminosarum fabF2XL and fabF1XL mutants (Vanderlinde et al., 2009) .
The role of the VLCFA in symbiosis has also been investigated. Rhizobium leguminosarum bv. viciae and S. meliloti form indeterminate nodules on their respective legume hosts, whereas R. leguminosarum bv. phaseoli forms determinate nodules. The VLCFA-modified lipid A is important, but not essential, for the formation of both indeterminate and determinate nodules (Vedam et al., 2004; Ferguson et al., 2005; Haag et al., 2009; Brown et al., 2011) . In S. meliloti, the VLCFA is required for competitive nodulation of alfalfa (Ferguson et al., 2005; Haag et al., 2011) . Mutation of acpXL in R. leguminosarum results in delayed nodule development, defects in bacteroid formation, and reduction in nitrogenase activity (Vedam et al., 2003 (Vedam et al., , 2004 . Interestingly, Vedam et al. (2006) reported that 50% of the lipid A of bacteroids formed by the acpXL mutant had the VLCFA modification, suggesting there might be an alternate mechanism for biosynthesis of 27-octacosanoic acid that is activated in planta. In Rhizobium sp., NGR234 mutation of acpXL resulted in severe impairment in the formation of functional nodules of both the determinate and indeterminate type (Ardissone et al., 2011) . Collectively, these results indicate that although there is a general requirement for the VLCFA during infection, there are also species-specific differences in the role of the VLCFA during symbiosis.
In R. leguminosarum bv. viciae, it has been shown that isolates of an acpXL mutant recovered from pea plant nodules [ex-nodule (EN) isolates] were restored in their tolerance to detergents, hyperosmotic and acid stress, despite the fact that their lipid A did not regain the VLCFA modification (Vedam et al., 2006) . EN isolates of an acpXL mutant of R. leguminosarum bv. phaseoli were also resistant to detergent and hyperosmotic stress (Brown et al., 2011) ; however, a mechanism has not been defined. Previously, we used a gusA transcriptional fusion to show that ropB is not expressed above background levels in a fabF2XL, F1XL mutant of R. leguminosarum bv. viciae 3841 (Foreman et al., 2010) . RopB is an outer membrane protein found in the Rhizobiales that is important for outer membrane stability as demonstrated by the increased sensitivity of ropB mutants to detergent stress, hyperosmotic stress, and acidic pH (de Maagd et al., 1989; Foreman et al., 2010) . Therefore, the lack of ropB expression may contribute to the membrane stress-related phenotypes observed in the fabF2XL, fabF1XL mutant. The objective of this study was to use a genetic approach to further characterize the significance of ropB repression on the phenotypes of VLCFA-deficient mutants in free-living conditions and during symbiosis.
Methods

Strains, media, and growth conditions
Strains and plasmids used in the study are summarized in Table 1 . Escherichia coli strains were cultured using Luria -Bertani medium (Sambrook et al., 1989) , supplemented as necessary with the following concentrations of antibiotics (lg mL À1 ): spectinomycin, 100; and tetracycline, 10. R. leguminosarum cells were cultured using tryptone yeast (TY) (Beringer, 1974) or Vincent's minimal medium with 10 mM mannitol (VMM) (Vincent, 1970) , supplemented as required with the following concentrations of antibiotics (lg mL À1 ): kanamycin, 100; gentamicin, 30; neomycin, 100; tetracycline, 5; and streptomycin, 500.
RNA extraction and reverse transcription (RT) PCR
RNA was extracted using a modification of the method supplied with TRIzol ® reagent (Invitrogen; Vanderlinde et al., 2011) . RT reactions were carried out according to a previously described protocol (Manzon et al., 2007) , with modifications described by Vanderlinde et al. (2009 Vanderlinde et al. ( , 2011 . PCRs were performed as described by Vanderlinde et al. (2009) with the following primer sets: AcpXLF2 (ACAAGGAATT-CGGCATCAAG) and FabF2R2 (ACCGGATAGGGCTTG-AACTT), AcpXLF4 (TTGCCGACATTATTGCAGAA) and AcpXLR4 (TTGAGCTCGTCGATCTTGG), and FD1 and RD1 (Weisburg et al., 1991) .
Detergent, hyperosmotic, and acidic pH sensitivity assays
Detergent and hyperosmotic sensitivity assays were performed as described previously, (Gilbert et al., 2007; Vanderlinde et al., 2009) . Acid stress sensitivity was determined by inoculating overnight cultures of R. leguminosarum into TY broth buffered to either pH 5.0 or pH 7.0 and comparing the amount of growth as determined by OD 600 nm after 2 days of incubation at 30°C.
Plant assays
Nodulation assays were carried out with peas (Pisum sativum cv. Trapper) as the host legume. Seeds were germinated and planted according to previously described protocols (Yost et al., 1998) . Following germination, seeds were inoculated with approximately 1 9 10 9 cells of the appropriate strain, as indicated. Plants were grown at ambient temperature with a 16-h photoperiod, and plants were harvested at 10, 17, and 24 days postinoculation (d.p.i.). Nodules were counted and a random sample of 10 nodules from each plant was weighed. To obtain EN isolates, 12 nodules were picked at random and sequentially surface-sterilized for 5 min with 1.2% sodium hypochlorite and 70% ethanol. Nodules were then rinsed with 3 9 1 mL sterile dH 2 O and placed into individual wells of a 96-well micro-titer plate containing 40 lL of sterile dH 2 O. Nodules were crushed, and a 5-lL aliquot of each nodule was plated onto appropriate selective media.
Sequence analysis of the putative ropB promoter sequence from EN isolates Genomic DNA was isolated from EN isolates of R. leguminosarum 3841, 38EV27, Rlv22, and 38EV27pCS115 and used as template in a PCR with the primers RopBProF and RopBProR (Foreman et al., 2010) . Phusion ® High-Fidelity DNA Polymerase (New England Biolabs, Pickering, ON, Canada) was used for amplification. PCR products were sequenced by Eurofins MWG Operon (Huntsville, AL).
Sequences were then aligned with CLUSTALW2 Multiple Sequence Alignment software (Larkin et al., 2007) .
Construction of gusA transcriptional fusions to acpXL, fabZXL, and adh2XL
PCR was used to amplify the putative promoter region upstream of acpXL (GTGGTACCCCGAGATGGCTGTTGAT and TTGCCTTCGTTGACTTCC), fabZXL (GAGGTACCT-TTTTTGAACGCCCTGCC and GGTGATTTTAGCCTTGGT), and adh2XL (GAGGTACCCGTGCCGAACAAGAAGCG and AAGCCGTCGAGATGGAAG). Underlined sequences indicate KpnI restriction sites in the forward primers that were used for cloning. PCR products were cloned into pCR2.1 TOPO using reagents and protocols supplied by the manufacturer (Invitrogen, Burlington, ON). A directional cloning approach was used to construct gusA transcriptional fusions. The promoter fragments were excised from pCR2.1 TOPO using KpnI and EcoRI and cloned into the vector pFUS1par containing a promoterless gusA reporter gene and a par stabilization locus (Reeve et al., 1999; Yost et al., 2004) . Restriction mapping and DNA sequencing were used to confirm the proper orientation and sequence fidelity of the amplicons. The resulting plasmids pEV65 (acpXL), pEV60 (fabZXL), and pEV58 (adh2XL) were subsequently transformed into the E. coli mobilizer strain S17-1 and conjugated into R. leguminosarum strains 3841, VF39SM, Rlv22, 38EV27, and VFDF20 to measure gene expression as described later. A promoterless gusA reporter gene was inserted into the chromosome to measure expression of ropB in the acpXL complement. A chromosomal fusion was used because the pCS115 plasmid used for complementation prevented conjugation of the pEV65 plasmid. The plasmid pDF33 that contains the ropB orf with a CAS-GNm cassette at bp 79 cloned into the pJQ200SK vector was conjugated into wildtype, the acpXL mutant, and the acpXL complement. Single cross-over recombinants were selected on VMM with streptomycin and gentamicin. There was no statistically significant difference in the gusA activity of the chromosomal fusions and the plasmid fusions.
b-Glucuronidase (gusA) reporter gene assays
The enzyme assays for b-glucuronidase activity were carried out based on the b-galactosidase activity method of Miller (1972) , with modifications described by Yost et al. (2004) . To measure the gusA activity of the pEV65, pEV60, pEV58, and pDF4 fusions from bacteroids, 5-10 nodules were placed into 500 lL of sterile 0.25 M mannitol, 0.05 M Tris-HCl, pH 8.0, and crushed with a sterile inoculating stick. The nodule debris was allowed to settle for several minutes, and the supernatant was used in a standard GusA assay as described previously.
Results and discussion
The fabXL genes are arranged as three operons in R. leguminosarum
It was recently shown in S. meliloti that the acpXL gene, located upstream of fabZXL, is part of an operon with fab-ZXL, fabF2XL, and fabF1XL, while the adh2XL and lpxXL genes comprise a second operon (Haag et al., 2011) . We used RT-PCR to determine the operon structure of the acpXL gene in R. leguminosarum. Primers binding within the acpXL and fabF2XL genes did not amplify a PCR product following RT of R. leguminosarum 3841 mRNA, indicating that these genes are not cotranscribed (Fig. 1) . Primers binding within the acpXL gene confirmed expression of the acpXL gene, and primers binding to the 16S rRNA gene were used to confirm the quality of the mRNA and the success of the RT reactions. The GusA activity observed from the gusA transcriptional fusion with the upstream DNA from fabZXL (pEV60) further confirms the presence of a promoter between the acpXL and fabZXL genes.
The DNA sequences immediately upstream of the fabZXL gene from a number of different species within the Rhizobiaceae were aligned to investigate the difference in operon structure between the rhizobial strains. While the acpXL and fabZXL gene sequences are 88% and 90% identical, respectively, the intergenic region between acpXL and fab-ZXL is heterogeneous among the different species. There is also variability in the length of the intergenic sequence between the acpXL and fabZ genes. In R. leguminosarum bv. viciae 3841 and R. leguminosarum bv. trifolii WSM1325, the sequence is 205 and 204 bp, respectively. In S. meliloti, the sequence is 172 bp, and in Agrobacterium tumefaciens str C58, the intergenic sequence is further reduced to 90 bp. These differences in length of the intergenic region can be partially explained by a unique 72-bp insertion found in R. leguminosarum bv. viciae 3841 and R. leguminosarum bv. trifolii WSM1325 (Fig. 1 ). These results demonstrate that while the individual genes for biosynthesis of the VLCFA are homologous between different rhizobial species, the arrangement of those genes into operons has not been as stringently conserved.
Expression of the outer membrane protein gene, ropB, is linked with the presence of VLCFA-modified lipid A
The acpXL gene encodes a unique acyl carrier protein that is required for synthesis of the VLCFA (Vedam et al., 2003) . Expression of ropB in the acpXL mutant was decreased by approximately 14-fold compared with ropB expression in the wild-type strain (Table 2 ). This is not as dramatic as the reduction in ropB expression in a fabF2XL, fabF1XL mutant, where expression is reduced by approximately 82-fold in agreement with previous observations of ropB down-regulation in a fabF2XL, fabF1XL mutant (Foreman et al., 2010) . Based on comparison with levels in a negative control gusA vector, ropB is essentially not expressed in the fabF2XL, fabF1XL mutant, while there is still a low level of expression in the acpXL mutant. Constitutive ropB expression restores the detergent, hyperosmotic, and acid tolerance of acpXL and fabF2XL, fabF1XL mutants to wildtype levels
Mutants of acpXL, fabF2XL, fabF1XL, and ropB are all reported to have similar sensitivities to membrane stressors (Vedam et al., 2003; Vanderlinde et al., 2009; Foreman et al., 2010) . Given the similarity in phenotypes and the significant down-regulation of ropB in the fabXL mutants, we tested the hypothesis that ropB down-regulation contributes to the detergent, hyperosmotic, and acid sensitivity phenotypes. Constitutive ropB expression partially restored growth of the mutants in the presence of the bile acid deoxycholate and the detergent sarcosyl (Fig. 2) . Constitutive expression of ropB fully restored growth of the fabXL mutants in both hyperosmotic and acidic pH growth conditions (Fig. 2) . In addition to the phenotypes described previously, the fabF2XL, fabF1XL mutant is unable to grow on the solid complex medium, TY (Vanderlinde et al., 2009) . Constitutive ropB expression did not rescue growth of the fabF2XL, fabF1XL mutant on TY (data not shown). A fabF2XL, fabF1XL, ropB double mutant had phenotypes similar to the fabF2XL, fabF1XL single mutant (data not shown). Notably, the phenotypes described previously for the fab-XL mutants can be complemented by providing the intact fabXL genes, in trans (Vedam et al., 2003; Vanderlinde et al., 2009 ). We used a chromosomal ropB::gusA fusion to determine whether complementation of the acpXL mutation also restored expression of ropB. Average expression (± SD) of the chromosomal fusion in the acpXL mutant was 835 ± 47.2 Miller units, whereas gusA activity in the wildtype and acpXL complemented strains was 7367 ± 953 Miller units and 5344 ± 128 Miller units, respectively. The difference in mean expression of ropB in the acpXL mutant compared with the wild-type and acpXL complement was statistically significant based on one-way ANOVA with Tukey's post hoc analysis, P value < 0.001. Although the rhizobial cell envelope has been extensively characterized, there is a paucity of data regarding how the different components interact. Furthermore, identifying and characterizing epistatic interactions between bacterial cell envelope components is critical to understanding envelope biogenesis. The identified genetic regulatory link between the outer membrane protein gene, ropB, and the VLCFA component of the lipid A in R. leguminosarum has provided new insight into previously observed mutant phenotypes. Our results indicate that acpXL and fabF2XL, fabF1XL mutants in R. leguminosarum are functionally ropB mutants and that a number of the phenotypes attributed to loss of the VLCFA (Vedam et al., 2003; Ferguson et al., 2005; Vanderlinde et al., 2009; Haag et al., 2011) are partially an indirect effect of ropB repression.
The elements responsible for ropB down-regulation in acpXL and fabXL mutants are unknown. A similar effect on ropB expression was also reported for mutation of a fourgene operon of unknown function (RL3499-RL3502) in R. leguminosarum (Vanderlinde et al., 2011) . There is no evidence that RL3499-RL3502 or the fabXL genes can function as transcription factors; therefore, the changes in ropB expression likely involve other unknown regulators that are activated upon alterations to the LPS structure. Envelope stress responses in E. coli are known to respond to many pleiotropic signals including alterations in envelope structure (Bury-Moné et al., 2009); therefore, it is possible that the perturbations in the envelope caused by mutation of RL3499-RL3502 or fabXL activate an envelope stress response that consequently represses ropB transcription. It has been shown that a ropB ortholog in S. meliloti is negatively regulated by the histidine kinase, CbrA (Li et al., 2002; Gibson et al., 2006; Chen et al., 2009; Foreman et al., 2010) . Our attempts to mutate cbrA in R. leguminosarum have been unsuccessful to date. Additional efforts are continuing in the laboratory to identify other potential repressor candidates involved in the down-regulation of ropB.
The restoration of free-living growth phenotypes in EN isolates of acpXL and fabF2XL, fabF1XL mutants occurs by a ropBindependent mechanism It has been reported previously that hyperosmotic and acid tolerance are restored in acpXL mutants isolated from pea nodules (Vedam et al., 2006; Brown et al., 2011) . Our results confirm that a R. leguminosarum 3841 acpXL mutant isolated from pea nodules regains its ability to grow in hyperosmotic and acidic conditions. Furthermore, we demonstrate a similar effect for the fabF2XL, fabFIXL mutant (Fig. 2) . However, EN isolates of the fabF2XL, fabF1XL mutant remain unable to grow on solid, complex, TY medium (data not shown).
The observed changes in the free-living phenotypes of the EN isolates of the acpXL and fabF2XL, fabF1XL mutants are similar to the results obtained for the mutants constitutively expressing ropB (Fig. 2) . Therefore, we were interested in determining whether EN isolates have increased ropB expression. EN isolates of acpXL À and fabF2XL, fabF1XL
À containing a ropB::gusA transcriptional fusion still had expression that was down-regulated 14-and 75-fold in the EN isolate mutants compared with wild type (Table 2) . Additionally, we found no changes in the sequence of the native ropB promoter from any of the EN isolates compared with wild type (data not shown). Therefore, the restored tolerance of the EN mutant isolates to membrane stressors is not owing to an increased expression of ropB. Furthermore, EN isolates of the fabF2XL, fabF2XL and ropB double mutant were also able to grow in the presence of membrane stressors, indicating that loss of functional RopB does not affect phenotype restoration that is typical of the EN isolates. The restored phenotypes of the EN isolates are stable after several generations of growth in the absence of the stressors, suggesting the mechanism of stressor tolerance is an inherited consequence, rather than an adaptive consequence; therefore, next-generation DNA sequencing of the EN isolates genomes may be a viable strategy to identify potential candidate polymorphisms that are responsible for restoration of acid and detergent tolerance.
A fabF2XL, fabF1XL mutant is delayed in nodule development Mutation of acpXL delays nodule development and interferes with proper bacteroid development in the host plant P. sativum cv. Early Alaska (Vedam et al., 2003 (Vedam et al., , 2004 ; however, it was unknown whether other VLCFA mutations would have a similar effect. Pea plants were inoculated with the fabF2XL, fabF1XL mutant, and the number and size of nodules were monitored 10, 17, and 24 d.p.i. (Table 3) . At 17 d.p.i., plants infected with the fabF2XL, fabF1XL mutant had small, round, white nodules, while the wild-type plants had large, red, oblong nodules. By 24 d.p.i., the nodules from plants infected with the fabF2XL, fabF1XL mutant were indistinguishable from nodules of plants inoculated with wild type. In addition, plants inoculated with the mutant had a 1.75-fold increase in the number of nodules per plant (Table 3) . Shoot dry weights were measured 24 d. p.i. and no differences were observed between peas inoculated with the wild-type and the fabF2XL, fabF1XL mutant (Table 3) . Complementation of the fabF2XL, fabF1XL mutation with the plasmid pCS115 restored the wild-type phenotypes for each time point tested (Table 3) . We did not observe any differences in growth rate between the wild-type and mutant strains; therefore, the delay in nodule development is probably not related to differences in generation time (data not shown).
We also used nodulation assays with a ropB mutant to determine whether the ropB down-regulation observed in VLCFA mutants might contribute to the delayed nodulation phenotype. Mutation of ropB had no observable effect on nodule development in P. sativum, suggesting that the repression of ropB in the fabXL mutants is probably not responsible for the delayed nodulation defect (Table 3 ). The TY sensitivity phenotype of the fabF2XL, fabF1XL mutant was also unrelated to altered ropB expression. These results indicate that the phenotypes of the fabXL mutants can be categorized as either ropBdependent phenotypes, which include sensitivity to membrane stressors and ropB-independent phenotypes, which include delayed nodulation and sensitivity to the growth medium TY.
The fabXL genes are induced in peptidecontaining media by the sensor kinase, ChvG
The ropB gene is induced by peptide-containing media components (Foreman et al., 2010) ; given the observed genetic regulatory connection between fabXL genes and ropB, we hypothesized that the fabXL genes would be induced in similar conditions. We used fabXL::gusA fusions to measure the relative expression of the fabXL genes in different conditions. The fabXL genes were induced approximately twofold in TY, or VMM with 1% hydrolyzed casein, compared with the expression in VMM with mannitol (data not shown). The induction of ropB expression in peptidecontaining media requires the ChvG/ChvI two-component system (Foreman et al., 2010) . We used a chvG mutant in R. leguminosarum VF39SM (we were unable to construct a chvG mutant in 3841) to determine whether ChvG is involved in regulating the fabXL genes. The putative promoter sequences used to construct the fabXL::gusA transcriptional fusions are identical to those found in VF39SM, and expression of the fusions in VF39SM was similar to the expression in 3841. VF39SM and the chvG mutant carrying the fabXL::gusA fusions were grown on solid VMM with calcium chloride or VMM with tryptone and calcium chloride, as described previously (Foreman et al., 2010) . A roughly fourfold induction in fabXL gene expression was observed in wild-type grown in the presence of tryptone. In contrast, there was no induction of the fabXL fusions in the chvG mutant, suggesting that ChvG is a positive regulator of the fabXL genes in R. leguminosarum (Table 4) . As well, the fab-XL fusions were generally expressed at a lower level in the chvG mutant than in wild-type (Table 4) , suggesting ChvG is also important for gene expression under non-inducing conditions. Given that the ChvG-ChvI two-component system is thought to be a global regulatory system (Chen et al., 2009) , it is possible that the nonspecific decrease in transcription of the fabXL genes is an indirect effect resulting from a significantly affected cell physiology. Our results differ from those found for the chvG homolog, bvrS, in Brucella abortus, where there was no change in the transcript abundance for acpXL or lpxXL in a bvrS mutant (Manterola et al., 2005) . This observation suggests that although this two component system (TCS) is a highly conserved global regulator, its role in regulation of cell envelope components may have species-specific complexities.
In conclusion, our results demonstrate that the fabXL and ropB genes are part of a cell envelope network required to maintain outer membrane stability. These cell envelope components are strongly conserved among the order Rhizobiales; therefore, continued investigation into the mechanisms and proteins controlling the interactions between ropB and the fabXL genes will provide insight into the mechanisms that regulate gene expression during cell envelope development in free-living and host-associated environments. Lastly, the biological significance of the down-regulation of ropB expression following mutation of LPS structural genes remains an intriguing question meriting further investigation. 
